FtMap is a computational mapping server that identifies binding hot spots of macromolecules-i.e., regions of the surface with major contributions to the ligand-binding free energy. to use FtMap, users submit a protein, Dna or rna structure in pDB (protein Data Bank) format. FtMap samples billions of positions of small organic molecules used as probes, and it scores the probe poses using a detailed energy expression. regions that bind clusters of multiple probe types identify the binding hot spots in good agreement with experimental data. FtMap serves as the basis for other servers, namely Ftsite, which is used to predict ligandbinding sites, FtFlex, which is used to account for side chain flexibility, FtMap/param, used to parameterize additional probes and FtDyn, for mapping ensembles of protein structures. applications include determining the druggability of proteins, identifying ligand moieties that are most important for binding, finding the most bound-like conformation in ensembles of unliganded protein structures and providing input for fragment-based drug design. FtMap is more accurate than classical mapping methods such as GrID and Mcss, and it is much faster than the more-recent approaches to protein mapping based on mixed molecular dynamics. By using 16 probe molecules, the FtMap server finds the hot spots of an average-size protein in <1 h. as FtFlex performs mapping for all low-energy conformers of side chains in the binding site, its completion time is proportionately longer. are selected from a fragment library and then combined to form potential lead compounds [25] [26] [27] . Hot spots help investigators identify the important subsites, determine their druggability 18, 19, 28 and select an appropriate fragment library; once fragment hits are identified they can be used in optimally extending such fragment hits into higher-affinity ligands 29 .
IntroDuctIon
The interactions of macromolecules (proteins, DNA and RNA) with other macromolecules and small ligands are at the core of many biological fields. The nature of these interactions is important for understanding fundamental biological processes, as well as for applications in drug discovery. It has been established that the binding sites of macromolecules include smaller regions called hot spots that are major contributors to binding free energy, and hence they are crucial to binding any ligand at that particular site [1] [2] [3] . This concept was originally introduced in the context of mutating interface residues to alanine in protein-protein or protein-peptide interfaces [4] [5] [6] [7] . On the basis of this method, a residue is considered a hot spot if its mutation to alanine gives rise to a substantial drop in binding affinity. An alternative experimental method for determining binding hot spots, more directly related to the binding of small ligands, is based on screening libraries of fragment-sized organic molecules for binding to the target protein 8 . A fundamental property of hot spots is their ability to bind a variety of small organic probe molecules 3, [8] [9] [10] . Because the binding of the small compounds is very weak, the interactions are most frequently detected by X-ray crystallography [11] [12] [13] or nuclear magnetic resonance (NMR) imaging 8 . In the multiple solvent crystal structures (MSCS) method, X-ray crystallography is used to determine the structure of the target protein soaked in aqueous solutions of 6-8 organic solvents used as probes. By superimposing the structures, regions that bind multiple different probes can be detected 11, 12 . Although individual probes may bind at a number of locations, their clusters indicate binding hot spots. Similarly, in the structure-activity relationship by the NMR method, proteins are immersed in a series of organic solvents, and perturbations in residue chemical shifts are used to identify residues that participate in small-molecule binding 8 . It was shown that the small 'probe' ligands cluster at hot spots and that the hit rate (HR) predicts the importance of the site 8, 11 . The NMR-based screening correctly identified known drug-like molecule-binding sites in 94% of cases within a set of 23 target proteins, and the method has been extended to a much larger test set 8 . Although the existence of binding hot spots has been experimentally verified beyond doubt, there is no generally accepted explanation for their origin. On the basis of simulations, our hypothesis is that hot spots are distinguishable from other regions of the protein owing to their concave topology combined with a mosaic-like pattern of hydrophobic and polar functionality 9, 14, 15 .
The main advantage of studying hot spots is that they are less sensitive to conformational changes than binding sites are, and they can be identified in almost any structure of a protein, including those without a bound ligand [14] [15] [16] [17] . The knowledge of hot spots is very valuable for a variety of applications. First, hot spots identify the most important regions of binding sites that should be considered when exploring macromolecule-ligand interactions. Second, the strength of hot spots determines druggability of a site, defined as the ability of a site to bind drug-sized compounds with at least low-micromolar affinity 9, [18] [19] [20] [21] . Third, an important application is the identification of binding sites 22 . Fourth, as hot spots are the energetically important regions of binding sites, the ligand moieties interacting with hot spots are the ones that are essential for binding 23 . Fifth, the determination of hot spots provides information on the importance of residues in protein-protein interfaces. In particular, it was shown that over 90% of side chains at such interfaces that are identified as hot spots by alanine scanning protrude into hot spots of the partner protein 24 . Finally, probably the most important use of hot spot determination is as an input for fragment-based ligand discovery. Fragment-based ligand discovery is a combinatorial approach in which individual fragments binding to regions of the target site
The FTMap family of web servers for determining and characterizing ligand-binding hot spots of proteins are selected from a fragment library and then combined to form potential lead compounds [25] [26] [27] . Hot spots help investigators identify the important subsites, determine their druggability 18, 19, 28 and select an appropriate fragment library; once fragment hits are identified they can be used in optimally extending such fragment hits into higher-affinity ligands 29 .
Experimental techniques for determining binding hot spots are time-consuming, and they can be limited by the physical constraints of the protein-solvent system. Here we describe a protocol using the FTMap family of web servers for determining and characterizing binding hot spots using computational approaches that can replace these experimental methods and that provide the benefit of ease of use ( Table 1) . Each algorithm has been developed for a specific application and implemented as a separate server. The basic algorithm and server is FTMap, a close computational analog of the X-ray crystallography or NMR-based screening experiments 14 . FTMap provides direct information on binding hot spots and their druggability and can be used for extending fragment hits into larger ligands. The second server is FTSite, aimed at the identification of ligand-binding sites on the basis of the structure of ligand-free proteins 22 . The third server is FTFlex, which performs repeated mapping calculations while exploring low-energy conformers of side chains in the vicinity of hot spots 30 , primarily for opening pockets in protein-protein interfaces that have the potential to bind small ligands 28 . The fourth server is FTMap/param 31 , which can be used to determine whether small molecules selected by the user bind in the hot spot regions predicted by FTMap. Finally, the FTDyn server has been developed to map ensembles of conformationally diverse structures obtained by NMR experiments 32 or by MD simulations 21, 33 . Although FTSite, FTFlex, FTmap/param and FTDyn are all built on the FTMap algorithm, there are slight differences in the details of their implementation, and the methods serve very different applications ( Table 1 ). In addition, FTMap already had a sizeable user base by the time the other servers were developed. In view of these factors and in order to retain the simplicity of use, we decided to implement each algorithm as a separate server rather than creating a single server with a complex interface and potentially confusing presentation of results.
The FTMap algorithm and server
FTMap has been developed as a close computational analog of the X-ray crystallography or NMR-based screening experiments 14 . The method distributes small organic probe molecules of varying size, shape and polarity on a macromolecule surface; it finds the most favorable positions for each probe type and then clusters the probes and ranks the clusters on the basis of their average energy (Fig. 1a) . FTMap 19 uses 16 organic molecules as probes (ethanol, isopropanol, isobutanol, acetone, acetaldehyde, dimethyl ether, cyclohexane, ethane, acetonitrile, urea, methylamine, phenol, benzaldehyde, benzene, acetamide and N,N-dimethylformamide; see Fig. 1b ). Regions that bind several different probe clusters are called consensus sites (CSs), and the site that contains the largest number of probe clusters is considered the main hot spot; all other CSs are secondary hot spots. As the hot spots are identified by CSs, and in turn the CSs are defined by consensus clusters, we use these terms interchangeably when computational mapping is discussed. For each CS, each probe cluster contained is shown as a single structure that represents the cluster center (Fig. 1c) . Because the existence of hot spots is a fundamental property of a protein structure, unbound structures can be used as the input, and thus no information related to ligand binding is required. Even in cases in which there exist conformational differences between unbound and bound structures, the structural features of the hot spot are robust enough to be identified in the unbound structure 28, 34 .
The only input required for FTMap is a protein, DNA or RNA structure, which can be typically obtained by X-ray crystallography 19, 35) . For each probe, the algorithm generates bound positions using rigid body docking. This step uses the fast Fourier transform (FFT) correlation approach to sample billions of probe positions on translational and rotational grids, consisting of 0.8 Å translations and of 500 rotations at each location. The goal of using the FFT algorithm is to speed up the calculation. In fact, although the same systematic sampling could be performed in real space, for an average-size protein it would take at least 1,000-fold longer, which would not be feasible even on very large computing systems. Probe positions are scored using a detailed energy expression that includes attractive and repulsive van der Waals terms, electrostatic interaction energy based on Poisson-Boltzmann calculations, a cavity term and a structure-based pairwise interaction potential. The 2,000 lowest-energy poses for each probe are retained and energy minimized using the CHARMM potential 36 with the analytical continuum electrostatics (ACE) model 37 to account for electrostatics and solvation. The minimized probe conformations are clustered with a 4 Å radius, starting with the lowest-energy structure. The clusters are ranked on the basis of their Boltzmann averaged energies, and the six clusters with the lowest average energies are retained for each probe. The clusters of different probes are then clustered into consensus clusters. In this clustering step, a center of mass is defined for each probe cluster, and the cluster with the highest number of cluster centers within 4 Å is selected as the highest-ranked consensus cluster. The position of this consensus cluster is defined as the top CS, denoted as CS000. The clusters in CS000 are removed from the pool, and the clustering is repeated until all probe clusters have been assigned to a CS. The CSs are ranked on the basis of their number of probe clusters. An example is shown in Figure 1c , which indicates only a single molecule from each probe cluster. We note that seeking consensus clusters is in good agreement with the observation that only clusters of different probes identify binding hot spots, whereas individual probes may bind in a number of crevices. Focusing on clusters also gives substantial robustness to the method, as the positions of consensus clusters are much less dependent on small structural changes than the docked positions of individual probes. Owing to this property, the FTMap results are essentially free of the many false-positive probe-binding positions predicted by classical methods such as GRID 38 or MCSS 39 (see also Mattos et al. 40 for a discussion of this issue). The FTMap server is available at http://ftmap.bu.edu, and it has more than 1,300 registered users. The only mandatory step required by the user is the selection of a structure to map either by providing a PDB ID number 41 , in which case FTMap will fetch the structure for the user, or by uploading a structure in PDB format. The user may also identify the chains to map; however, if this field is left blank, all chains will be used. There are three optional inputs. The first is a protein mask. A masking file is a listing of the protein atoms to ignore during the mapping calculation. This file should be in PDB format. This option can be useful if the user wishes to ignore known binding sites for cofactors, proteins or other biomolecules. Masking can also be used in cases in which the user knows the binding site already and wishes to simply focus on the identification of hot spots within this region, ignoring the rest of the protein. Second, the user may select the protein-protein interaction (PPI) mode to indicate that the goal of the mapping is to identify hot spots on protein-protein interfaces. Third, selecting the nucleic acid mode indicates that the PDB file may include nucleic acids, possibly in addition to amino acids, and that the nucleic acids will be considered as part of the macromolecule to map. We note that FTMap was initially developed to map only proteins 19 , but the server has been recently extended to DNA and RNA molecules 42 .
The FTSite algorithm and server
The goal of FTSite is the identification of ligand-binding sites on the basis of the structure of ligand-free proteins. The method is based on the observation that the binding site of a macromolecule generally includes a strong 'main' hot spot and some other hot spots that are close enough to be reached by a ligand binding at the main hot spot. The program uses the CSs detected via the FTMap server to identify and rank binding sites (http://ftsite.bu.edu) 22 . One difference from the FTMap algorithm is that FTSite ranks the consensus clusters by the number of nonbonded contacts between the protein and all probes in the consensus cluster, rather than by the number of probe clusters, as the former approach provides slightly better binding site predictions 22 . A residue of the protein and a probe are considered to be in contact if any atom of the residue is <4 Å from any atom of the probe. To identify the ligand-binding sites of a protein, FTSite selects CS000 and expands it by adding any neighboring CS if the center of any of its probe is closer than 3.5 Å to the center of any probe in CS000. The protein residues that are within 4 Å of the expanded CS constitute the top prediction of the binding site, defined as Site 1, whereas other CSs identify lower ranked predictions. As the goal of FTSite is to rank all binding sites, no part of the protein can be masked. The server facilitates application to multiple protein structures by allowing the upload of a zip file that contains up to 15 PDB files. The user may provide an e-mail address, in which case upon completion of the job an e-mail will be sent with a link to the results. There are no additional input parameters.
The FTFlex algorithm and server FTFlex performs repeated mapping calculations while exploring low-energy conformers of side chains in the vicinity of userselected hot spots 30 . The primary goals of this approach are opening pockets in protein-protein interfaces that are potentially capable of binding small molecular inhibitors, and to determine the druggability of such sites. FTFlex is a two-stage algorithm (Fig. 3) . Stage 1 is the identification of the hot spots using the FTMap algorithm. After Stage 1 is completed, the program stops, and the user can select the ligand-binding region or other regions of interest by specifying the CSs that define this region. After this selection, the server proceeds to Stage 2, which itself includes multiple computational steps. First, FTFlex examines the residues within 5 Å of the selected hot spots, and it selects the ones that satisfy hydrophobicity and cavity size restrictions. A hydrophobicity potential is used to calculate the hydrophobicity value for each residue 19, 43 , and only the residues above a hydrophobicity threshold are retained. A cavity measure, developed for use in FTMap 19 , is also calculated for each residue, and only residues with a cavity measure of at least 60% of the maximum value are retained. Second, possible rotamers are determined for each of the selected residues, but the user may specify side chains that will be kept fixed. To determine the potential rotamers, FTFlex performs energy minimization starting from each rotamer in a rotamer library 44 , to reach local minima. The side chains are considered one-by-one in the minimizations, with all others being fixed in their unbound state. The energy minimizations are performed using the CHARMM force field 36 with the Analytical Continuum Electrostatics solvation model 37 . The local minima are then clustered to define an 'environment-dependent' rotamer library 44 . For each cluster, the average Boltzmann energy is calculated. Side chains that are predicted to have multiple conformers with low energy and/or high population are considered to be movable. In the next step of FTFlex, each selected rotamer is inserted back into the initial PDB structure one at a time, and the resulting structure is mapped again using FTMap. Rotamers with apolike conformations are excluded in this step, as they were already considered in the initial mapping. A rotamer is retained if its use increases the number of probe clusters within the binding site, indicating a pocket with improved binding properties; otherwise, the rotamer is discarded from consideration. After all rotamers Users upload a PDB to the server manually or using pdb.org. FTMap checks the structure, removes bound ligands and water molecules, and adds any missing atoms, including polar hydrogens. After calculation of the Poisson-Boltzman potential, positions for the first probe molecule are sampled using rigid body docking. This step uses the FFT correlation approach and a detailed energy expression, including terms for the van der Waals energy, the electrostatic interaction energy, a cavity term describing the hydrophobic contributions of the cavity and a knowledge-based pairwise potential. The 2,000 best probe poses are retained and minimized using the CHARMM potential, which includes solvation. The probes are then clustered starting with the lowest-energy structure and using a 3 Å clustering radius. Clusters with <10 members are excluded from consideration. The clusters are ranked on the basis of their Boltzmann averaged energies, and the six lowest-energy clusters are retained. This step is repeated for all remaining probe molecules. When all 16 probe molecule types have been sampled and clustered, the probe clusters themselves are clustered. The probe cluster with the maximum number of neighbors within 4 Å is selected as the top consensus site (CS000), and all probe clusters within 4 Å of this CS are included. This procedure is repeated until all probe clusters have been assigned to a CS. CSs are ranked on the basis of the number of their probe clusters.
have been tested, the rotamers that yield the most improvement are substituted back into the initial PDB file to yield a modified structure, which is mapped and the results are returned to the user. As mapping may be performed for a large number of side chain rotamers, running FTFlex may take substantially longer than mapping the single initial structure by FTMap, and the time required for the calculation is highly dependent upon the input structure and the nature of the binding site.
The FTMap/param algorithm and server FTMap/param, which is available at http://ftmap.bu.edu/ param/ 31 , enables the user to define small molecules that are not included in the standard set of 16 probes, to use the mapping program to generate low-energy clusters of these additional molecules and to check the locations of these clusters relative to the hot spots based on the original probes 31 . FTMap/param includes the identification of hot spots using FTMap. In addition to the standard FTMap input, however, the user may provide SMILES string specifications and formal charges for up to ten compounds. The program determines the parameters that are required to run FTMap on these additional molecules, and it generates a number of low-energy conformations for the compounds that have rotatable bonds. Each conformer is considered as a new probe, and it is used in a separate mapping run. On the basis of our experience, the standard set of 16 probes is sufficient for finding the hot spots, and hence only these are used when forming the consensus clusters and thus determining the CSs 22 . However, the structures representing the low-energy clusters of the userselected additional molecules show whether or not the compound is likely to bind at the hot spot. If a compound binds, these clusters may provide information on the preferred position of specific functional groups, thereby helping the design of larger ligands. Compounds that do not cluster in the hot spots most likely do not bind to the protein at all 31 . We have two main reasons for developing a separate FTMap/ param server rather than adding an extra option to FTMap. First, the parameters of the 16 molecules used in the standard probe set have been manually improved to be more compatible with the parameterization of the CHARMM potential used for the refinement of probe positions 36 . This was possible because most of these probes are amino acid side chain analogs, and CHARMM has been primarily developed for protein modeling, with limited resources for parameterizing arbitrary small molecules. Second, the parameterization and conformational search steps of the algorithm are still being improved, partially on the basis of future user experience with various probe molecules. Currently, the server generates conformers for the additional probe molecules using the program Confab 45 . The parameterization involves well-established computational chemistry programs, including ANTECHAMBER 46 , which is based on the general AMBER force field (GAFF) 47 , and general atomic and molecular and electronic structure systems (GAMESS) 48 . The charge model called Austin model 1 bond charge correction (AM1-BCC) 49 is used to calculate atomic charges. However, as no approach can generate optimal parameters for every class of compounds, the parameterization server will probably require further development, although these changes will not affect the user interface or this protocol.
The FTDyn algorithm and server
FTMap has also been extended to work with ensembles of conformationally diverse structures, based on NMR experiments 32 or on MD simulations 21, 33 . We added FTDyn to the FTMap family recently, but the program has already been used for mapping NMR-derived ensembles of protein structures 32 . The advantage of FTDyn is that it uses a faster version of the FTMap algorithm without local minimization, and it applies this simplified mapping to each structure in the ensemble. This may reduce the accuracy of hot spot ranking, but it makes it computationally feasible to map even very large ensembles such as snapshots from MD simulations. In addition to the usual mapping results for the individual structures, FTDyn determines the average number of nonbonded and hydrogen bond interactions between the probes and each residue for the entire ensemble. Selecting the residues interacting with many probes helps determine the most likely binding site residues 32 . Once the binding site residues are selected, for each structure we can calculate the binding site HR, defined as the sum of probe-protein interactions for all binding site residues divided by the total number of probe-protein interactions. It has been shown that, at least for PPI targets that also bind peptides or small ligands in the interface region, the HR calculated for ligand-free structures is a good predictor of their similarity to a peptide or ligand-bound conformation 32 . As FTDyn does not refine the probe positions by minimizing the CHARMM energy, the results may be somewhat less accurate than using FTMap. However, results appear to have adequate quality for selecting the most bound-like conformations of the ensemble, and individual structures can be further investigated using FTMap.
To describe an alternative approach to the analysis of FTMap results for ensembles, we note the recent release of the FTProd plug-in (https://amarolab.ucsd.edu/ftprod/) for VMD, a molecular visualization program 50 . FTProd combines FTMap results obtained for multiple experimental structures of the same target, Figure 3 | Flowchart of the FTFlex algorithm. Stage 1 is the identification of the hot spots using the FTMap algorithm. After stage 1 is completed, the program stops, and the user can select the ligand-binding region or other region of interest by specifying the consensus sites that define this region. After this selection the server proceeds to stage 2, considering the residues that are within 5 Å of the selected hot spots and satisfy hydrophobicity and cavity size restrictions. In stage 2, possible rotamers are determined for each of the selected residue, inserted back into the initial PDB structure and the resulting structures are mapped again using FTMap. After all rotamers have been tested, the rotamers that yield the most improvement are substituted back into the initial PDB file to yield a modified structure, which is mapped, and the results are returned to the user.
clusters the results and displays them for analysis within VMD. In contrast to our servers, FTProd is a plug-in that should be downloaded and installed. Although FTProd is a useful tool extending the capabilities of FTMap, it is not part of the FTMap family, and hence we refer potential users to the instructions for downloading, installing and using the program via the FTProd online tutorial at https://amarolab.ucsd.edu/ftprod/tutorial/01.
Comparison with existing methods
A variety of computational methods have been developed for the prediction of hot spot residues 7,51-54 , originally defined as those in the protein-protein interface that give rise to a substantial drop in binding affinity when mutated to alanine. However, in this work, we focus on hot spots that bind small molecules, and hence do not review methods of hot-spot residue prediction. Because FTFlex simply accounts for receptor flexibility and FTMap/param defines new probes for FTMap, we consider the basic functions of the programs-i.e., the identification of binding sites and the determination and ranking of binding hot spots. A number of methods exist for binding site detection. These methods largely fall into one of three categories: (i) geometry-based methods, (ii) knowledge-based methods and (iii) energy-based methods 55 .
In geometry-based methods, cavity size is measured and the ligand-binding site is identified as the largest pocket. This category includes methods such as POCKET 56 , LIGSITE 57, 58 , PASS 59 and CASTp 60 . However, these methods sometimes fail to detect shallow cavities or pockets that may be partially closed, and the results generally do not correlate with ligand-binding energetics. That is, it is impossible to assess which sites contribute most to the ligand-binding free energy. Knowledge-based methods can be used to identify binding sites in proteins by comparison with structures with high sequence similarity. These methods include 3DLigandSite 61 and FINDSITE 62 . For targets with highly conserved binding sites, this type of method can be quite successful 63 ; however, for other targets, this method has success rates closer to 70%. In the energy-based method, the propensity of the site to interact favorably with probe molecules is measured, thus making this method favored in drug design applications. FTMap falls under this category, as does Q-SiteFinder 64 , SiteMap 65 and SITEHOUND 66 . Q-SiteFinder and SITEHOUND both use a methyl probe, whereas SiteMap uses a water molecule as the probe. Both GRID 38 and MCSS 39 use multiple functional group types to probe the surface and identify regions that are capable of binding multiple probe types, in a similar manner as the experimental MSCS method 11 . Both GRID 38 and MCSS 39 also rank the regions where probes bind, they provide some information that is similar to the results of FTMap and they have been used for structure-based drug discovery. Both programs have strengths and shortcomings. GRID performs efficient global sampling, finds the potential binding pockets and discriminates between polar and nonpolar regions 38 . The main shortcoming of the method is that the very small probes bind in many different pockets, which results in a large number of false-positive local minima 11, 67 . The original implementation had no solvation term in the scoring function, which may have contributed to the false positives. MCSS uses CHARMM 36 , which is a detailed and well-established potential function. MCSS performs simultaneous Monte Carlo minimization of multiple probes distributed on the protein surface.
The probes do not interact with each other, but they interact with the protein. As all probes and the protein are fully flexible in the simulation, the conformation of the protein can be influenced by the entire ensemble of probes, which is a potential advantage 39 . However, it has been reported that MCSS also yields a large number of false-positive energy minima 11, 68 , possibly owing to the lack of solvation, which was added later 69 . Another problem is that both GRID and MCSS generally predict different locations for different types of probes, contradicting the results of experiments such as the X-ray crystallography-based MSCS, showing that the different small organic molecules overlap at a few locations. More recently, mixed MD has emerged as an alternative approach to protein mapping. The method performs MD simulations of the target in an aqueous solution of probe molecules [70] [71] [72] [73] . Although the use of explicit water molecules potentially improves the accuracy of simulations, they also reduce the diffusivity of the probes, and hence it is frequently questionable whether equilibrium distribution can be achieved on reasonable time scales 34 . In addition, owing to the need for long simulations, current mixed MD methods rely only on a few probe types, which is likely to limit the reliability of hot spot prediction.
Relative to the above methods, FTMap has several advantages. First, it uses 16 probe molecules with a variety of sizes, shapes and functional groups; this variety of probes is known to provide the robustness required to accurately identify binding sites and eliminate false positives, such as sites in narrow cavities 19, 34 . Second, FTMap is able to provide adequate accuracy with maximum efficiency 19 . A key to FTMap's high accuracy is the use of a detailed energy expression to sample probe positions on the protein surface. To achieve maximum efficiency using this energy expression, the FFT correlation approach is used 19 . FTMap also accounts for solvation using a continuum electrostatic model within the CHARMM implementation 37 . Finally, FTMap is available as a free, easy-to-use server, for which the only required input is a protein, DNA or RNA structure in PDB format. This enables exploring binding properties of macromolecules and answering biological questions with limited efforts.
Limitations
Currently, FTMap maps structures that include only naturally occurring amino acid residues and nucleotides. Most HETATM records are removed before mapping. Although a few cofactors can be explicitly added by the user using the chains field, this list is limited (Supplementary Table 1) . FTMap itself does not include protein flexibility; however, the FTFlex server (http://ftflex. bu.edu) accounts for side chain flexibility 30 . Another limitation is that, owing to memory limits on our computational resources, the analysis of proteins over 1,100 residues frequently fails.
Availability
All servers are available to any user, but their jobs will be publicly accessible. Users with education or government e-mail addresses can also set up FTMap accounts. The advantage of such accounts is that the results are available only to the user, and the job does not show up on the website. Although results can be viewed online, most analyses require the use of protein visualization software; PyMOL is the recommended software, and it is used within this protocol to demonstrate data analysis. Locate the server at http://ftmap.bu.edu. FTMap can be used with or without a user account. To create an account, register on the FTMap server website using an educational or governmental e-mail address. A password will be sent to the e-mail address, and it can be changed later. If you already have a username and a password, fill in the boxes and click Login. Proceed to Map, which is the server home screen. From this page you will be able to submit a new job. If you prefer not to use an account, click the option below Login to use the server without an ID.  crItIcal step Users who run FTMap without an account will have their results be publicly accessible.
2| (Optional) Provide a job name for this submission. If you choose to leave this blank, a unique ID will be created for this field.
3|
Input the coordinates of the target structure using PDB format. Only atoms of amino acid residues and nucleotides will be retained. All HETATM records, including waters, ligands and cofactors, will be automatically removed. Some HETATMs can be selectively added back as detailed in Step 5. There are two options for inputting a structure: use option A to directly import coordinates from the PDB or option B to upload a structure directly. (a) Import coordinates directly from pDB (i) Import coordinates directly from the PDB by typing the four-digit PDB ID into the PDB ID field. (B) upload a structure directly (i) Upload a structure directly from your computer by clicking on the Upload PDB option under the PDB ID field. Select Browse to upload a file containing a structure in PDB format.  crItIcal step At this point, only structures containing standard amino acid residues and nucleotides can be mapped. Input of structures with ATOM records of nonstandard amino or nucleic acids will result in an error.  crItIcal step If you are using an NMR structure, you must upload the PDB of the model number you are interested in; otherwise, only the first model will be submitted for mapping. To create this PDB file, download the PDB file of the NMR structure from the PDB. Expand the selection to nearby atoms by right-clicking on the selection and by choosing Actions → Around → Atoms within 8 Å. This selection can then be saved using File → Save Molecule.
14|
The result page also includes two bar graphs that show the percentage of nonbonded and hydrogen bond interactions, respectively, between the probes and the protein for each residue along the protein sequence (Fig. 4) . Download these results as tab-separated files with exact residue contact counts by clicking the link located directly beneath each respective graph.
15|
On the result page, click on Probe Summary to download a text file summary of clusters and their probe compositions. Finally, you can also download the PDB file containing the protein and representatives of probe clusters in the CSs, and the PyMOL session (.pse file; Fig. 5a ) containing all results to be opened in PyMOL. (See Box 3 for a description of the contents within each file.) Examples of types of analyses that can be performed using these results (e.g., focusing on hot spots around the ligand, as shown in 18| Specify the chain to be mapped as in Step 4.
Box 2 | Error messages and their meanings
When the calculation encounters an error, the job will be terminated and the user will receive an e-mail with an error reason. The error will also be listed next to the corresponding job id in the 'Results' tab. The error codes and explanations are listed below:
xxxx not found in PDB. xxxx is the four-letter PDB ID. This error occurs when the computer is unable to download the entered PDB ID from the website http://www.pdb.org. Usually this error occurs when the PDB ID does not exist, but it can also occur when the PDB website is down.
Unknown residue xxx in receptor. Please remove. xxx is the three-letter amino acid code. This error occurs when a residue in an atom record is not recognizable by FTMap, and thus FTMap does not have parameters for it. Check to make sure that the proper three-letter code is used and that the amino acid is one of the 20 naturally occurring amino acids.
Processing failed on receptor. This error occurs during the initial steps when CHARMM is being used to add missing hydrogens and minimize the structure. Usually, this occurs when the protein structure has sterically clashing atoms or the structure generally does not make physical sense in terms of bonds.
PB Potential not created. CHARMM could not create a Poisson-Boltzmann potential. If this occurs, it is usually because the protein is too big to create a potential.
Not enough lines in output for xxx. FFT failed to run for a probe.
Minimization error for xxx. Minimization failed to run for a probe.
Failed during clustering. This error usually means that probes could not be clustered because FTMap could not find low-energy positions for one or more probes.
Protein too large for FTMap. This error may occur for proteins longer than 1,100 residues.
19| (Optional) You may provide an e-mail address. If this option is used, an e-mail will be sent to the address with a link to the results when the FTSite run is completed, or if an error occurred (see Step 11 for details). Step 2, and input target structures/specify chains to be mapped, as described in Steps 3 and 4.
23| (Optional) As for FTSite (
Step 19), you may provide an e-mail address.  crItIcal step If no e-mail address is provided, the user must keep track of the link provided after submission (Step 24) to follow the job. Owing to the two-stage nature of FTFlex, providing an e-mail address is highly recommended.
24|
Click on the '(Flexibly) Map My Protein' button to begin the initial mapping. Successful submission is indicated by the prompt 'Success: Job submitted', and a link is provided for keeping track of the job. The job tracking page will show the status of the initial mapping along with how many jobs are in the FTMap queue.
25|
From the results of the initial mapping (Fig. 7) , choose the CSs around which low-energy side chain conformers will be explored in repeated mapping calculations. Examine the CSs on the output page from the initial mapping by FTFlex in JSmol, and select by clicking on the appropriate CS labels. Alternatively, the mapping results can be downloaded as a PDB file and viewed in a molecular viewer such as PyMOL, but the CSs for side chain analysis still must be selected in JSmol on the output page from the initial mapping.  crItIcal step Results are downloaded as a PDB file rather than a PyMOL session provided by the other servers. In the file, the CSs are defined as separate chains and separated by HEADER records, which allows some viewers (e.g., PyMOL) to show them as separate objects. Opening the file shows the protein in line representation, including the side chains. However, the structure is clipped to focus on a slab around the CSs. The slab width can be increased in PyMOL using the Zoom or Clip menus. However, after the analysis of the results using PyMOL, you still will have to return to the result page from the initial mapping by FTFlex for selecting the hot spots for side chain analysis (Step 27).
26| (Optional) In addition to selecting CSs for side chain analysis, you can select an arbitrary number of side chains whose rotamers will be kept fixed in the further steps of the algorithm from the output page of the initial mapping. 27| After choosing the CSs, initiate the analysis of side chain rotamers by clicking on the 'Submit' button. FTFlex will individually generate and test rotamers for all side chains within the 5 Å radius of the selected CSs, and it will map all resulting structures. The status page will show all side chains and their rotamers being tested along with their status and position in the mapping queue. After mapping with all the rotamers individually, FTFlex determines whether a change in a side chain rotamer would increase the number of probe clusters. If the answer is positive, a new protein structure is generated with all selected side chains changed to their appropriate rotamers simultaneously, and the resulting structure is considered in a final mapping. In this structure, the number of probe clusters is maximized within the binding site defined by the selected CSs, indicating a maximally opened binding pocket. The status page will show that FTFlex is performing the final mapping, the actual steps performed by the algorithm and the position of the job in the mapping queue.
Box 3 | Descriptions of result files
Five different result files are available to users at the conclusion of their FTMap calculation. The results can be used in a number of applications as described in the ANTICIPATED RESULTS section. The output files are as follows: 1. a pDB file that contains the input structure ATOM lines followed by the coordinates for the individual cross-clusters, which are defined as the consensus clusters generated using the individual probe clusters. This file can be opened as a text file, or it can be used in any structure-viewing program, such as PyMOL. The cross-clusters are ranked in order of the number of probe clusters. Their name format is as follows: 'crosscluster.xxx.yyy.pdb', where the number 'xxx' provides the ranking of the cluster, starting at 000 for the highest ranked cluster. The number 'yyy' provides the total number of probe clusters. Note that only representative probe poses are provided in the output PDB file. 2. A pyMol session file that is preformatted to open in PyMOL. The structure is appropriately scaled and shown in cartoon mode.
Cross-clusters are shown as sticks and individually colored. 3. A nonbonded Interactions file that lists all noncovalent contacts between probes and amino acids, calculated using HBPlus. This file contains four columns. The first column lists the amino acid number, the second column lists the chain ID, the third column lists the amino acid three-letter code and the fourth column lists the number of contacts between all docked probe molecules and the amino acid.
The residues with the highest number of nonbonded interactions define the main and secondary hot spots. The nonbonded interaction file can also be used to generate a mapping fingerprint by calculating a percentage contact frequency for each amino acid. This mapping fingerprint is then the profile consisting of the amino acids with the highest percentage of contact frequencies. The percentage contact frequency for an individual amino acid (aa i ) for amino acids i = 1 … n is defined as % contact frequency for Number of nonbonded contacts for aa Sum
o of contacts for all aa × 100%
4. An Hbond Interactions file that lists all hydrogen bonding contacts between probes and amino acids, calculated using HBPlus. The column format is the same as for the Nonbonded Interactions file. 5. A probe summary file that lists the individual probe clusters contained within each cross-cluster. 
28|
The status page indicates when the final mapping is completed, and an e-mail is sent to the user if an e-mail address has been provided in Step 23 . This e-mail will contain the mapping results (Box 3) and information regarding which residues, if any, were moved to obtain the final mapping results. Alternatively, download this information from the results page along with the mapping results in form of a PyMOL session and counts of hydrogen bonded and nonbonded contacts. The contacts are calculated between the probes and the protein in its final conformation with the selected side chain conformers. These latter results have the same format as those from the FTMap server. . This will open a window where you can specify up to ten small molecules that will be used as additional probes. Each molecule is described in a separate line by its formal charge and its SMILES string.  crItIcal step Isomeric SMILES must be used to specify the stereochemistry.  crItIcal step To limit the computer time required for the mapping, at this time the server accepts SMILES strings only for small molecules containing three or fewer rotatable bonds; typically this translates up to 100 conformers per molecule.
31|
Repeat Steps 10 and 11. Your uploaded small molecules will be run and listed alongside the 16 original probes in the default probe set. They will have been assigned generated names wherein the first two digits represent the order in which they were uploaded and the second two digits represent the particular conformation.
32| View results as described in
Step 12, and manipulate the JSmol file as detailed in Steps 13-15. The results from FTMap/ param are very similar to the results from FTMap. The difference from FTMap is that, in addition to clustering the 16 standard probes, FTMap/param maps the protein with the user-defined molecules, finds low-energy clusters for these additional compounds and returns the representative of any cluster that overlaps with one of the consensus clusters. Accordingly, the PDB file and the PyMOL session (Fig. 8) includes such low-energy conformations labeled as Molecule_1, Molecule_2, and so on. Clicking on any of these labels shows the different conformers of the molecule, labeled as mol1-conf1, mol1-conf2, and so on. An example is shown in the ANTICIPATED RESULTS section. Activating JSmol initially shows the protein, all consensus clusters and the conformations of the user-defined molecules at the CSs. As in FTMap, at the bottom of the JSmol, panel checkboxes are provided to select/deselect any specific consensus cluster. The difference from FTMap is that after deselecting all consensus clusters, the panel still shows low-energy conformers of the user-defined molecules. 
34|
Input the coordinates for an ensemble of structures, using option A to import coordinates directly from PBD or option B to upload coordinates from your computer. The coordinates of the target structure ensemble must be specified in the PDB model record format, as specified at http://deposit.rcsb.org/adit/docs/pdb_atom_format.html#MODEL. A single coordinate entry in this format contains multiple structures with models numbered sequentially beginning with 1. Each MODEL file must have a corresponding ENDMDL record. Only atoms of amino acids will be retained. All HETATM records, including waters, ligands and cofactors, will be automatically removed.
(a) Import coordinates directly from pDB (i) Import coordinates directly from the PDB by typing the four-letter PDB ID of a PDB file stored in model record format, which is the case for NMR structures in the PDB. (B) upload coordinates directly from your computer (i) Upload coordinates arranged in PDB model record format directly from your computer by clicking on the Upload PDB File option under the PDB ID field.  crItIcal step At this point, only structures containing the 20 standard amino acids can be mapped. Input of structures with ATOM records of nonstandard amino acids will result in an error. All HETATM records are stripped out, removing any ligands in the file.
35|
Specify the chain to be mapped as in Step 4.
36| (Optional)
The user may provide an e-mail address. If this option is used, an e-mail will be sent to the address, with a link to the results when the FTDyn run is completed, or if an error occurs.  crItIcal step If no e-mail address is provided, your FTDyn results will be publicly accessible.
37|
Click on the 'Map Ensemble' button to begin the calculation. You will see a success message once the structures are submitted to the computing queue, and you can check the status of the job on the Queue page. This will take up to a couple of minutes depending on the number and size of the uploaded structures. Your calculation will be listed with job name and a status update. See Box 1 for a listing of status updates. 
38|
The structures in the ensemble are mapped one by one. Once the mapping of a structure is completed, the interactions can be plotted on the job results page by clicking the View link under the Fingerprint tag. The page offers direct visualization that shows the protein color-coded according to the number of nonbonded interactions with the probes. Click on the Load button under the Map tag to activate JSmol for the visualization of the selected structure. The structure can be manipulated as described in Step 13. By default, the residues are colored on a spectrum from blue to red, indicating the frequency of probe interactions from zero to maximum. You can also color the protein by direction or secondary structures using the radio buttons. A command-line box is provided so that you can execute arbitrary JSmol command to control the view.  crItIcal step Allow several seconds for JSmol to load for interactive visualization.
39|
The result page includes two bar graphs for the selected individual structure that show the percentage of nonbonded and hydrogen bond interactions, respectively, between the probes and the protein for each residue along the protein sequence. Download these results as tab-separated files by clicking the links located in the Downloads column of the result table.
40| When mapping of all structures is completed, the result page shows the first structure of the ensemble, but the color-coding is based on the number of probe-protein contacts averaged over the entire ensemble (Fig. 9) . Residues are colored from blue to red based on contact frequency. View the structure in JSmol as for the individual structures. Similarly, the two bar graphs on the page show the percentage of nonbonded and hydrogen bond interactions, respectively, averaged over all structures (Fig. 9) . 41| Download one or all of the following results files from the results page: first, .pdb: a PDB file including all submitted models divided by MODEL/ ENDMDL records, with the frequency of interactions written in columns 61-66; second, .pse: PyMOL session containing all structures with residues colored from blue to red on the basis of contact frequency (Fig. 10) ; and third, .tar.xz: an archived directory containing all the individual contact files, pdb files and combined files. Comparing the distribution of nonbonded probe-protein contacts for residues of MDM2, based on the mapping of model 9 in the ensemble (blue bars), to the distribution of nonbonded ligand-protein contacts observed in the complex of MDM2 with piperidinone, a small-molecular inhibitor of the MDM2-p53 interaction (PDB ID 2lzg), which is shown as red bars. Horizontal axes list residues of MDM2 from Glu25 to Tyr104 (unstructured regions were removed before mapping analysis). The vertical axis shows the fraction of atom-atom interactions that each protein residue makes with probe or ligand atoms. Make sure that your file is in PDB format and has the required spacing between columns. Documentation with respect to the PDB file format can be found at http://www.wwpdb.org/docs.html. Also, make sure that the PDB file does not contain any nonprotein resides within the ATOM record. If it does, remove these using a visualizing tool (e.g., PyMOL) or text editor I want to map all models for an NMR ensemble, how do I do this?
In FTMap, each model needs to be mapped individually. Individual models can be mapped by generating a separate PDB file for each model in the set using PyMOL or a text editor. However, a less accurate mapping of the entire ensemble can be performed using FTDyn. Note that models that yield the highest number of probe clusters within a binding site most likely have the highest relevance to the bound structure
The target I am mapping has multiple experimental structures. Some have ligands bound and some are of the unbound state. How do I select the best structure to map?
Each of the structures can be mapped individually and the final results can be compared. Typically, the unbound structure yields the best results for the analysis of druggability. Mapping both unbound and ligand-bound structures and comparing the results can provide information on the changes in binding properties that are due to ligand binding (continued)
• tIMInG Steps 1-9, inputting the coordinates of the target structure and select options for FTMap: ~1 min Many structures have multiple chains with the same sequence, but small structural differences. In this case, each chain should be independently mapped. The differences in mapping results provide some information on the effect of conformational variation. Generally, the structure with the largest consensus site population can be used for the analysis of druggability
What if the chain I am submitting has multiple domains? Should I split them up or map the entire structure?
FTMap works best by mapping only single domains. In this case, you can use one of three different methods for determining the cutoffs for the domains: SCOP, CATH or PFAM. Access to all three of these methods can be found on the PDB website for individual structures. A PDB format file including only the selected domain should be prepared and submitted to FTMap. The separate file can be prepared by selecting the appropriate residues in PyMOL Steps 25 and 26, choosing the CSs around which low-energy side chain conformers will be explored: ~5 min
Step 27, mapping structures with the low-energy conformers of the side chains in the selected hot spots: because mapping may take 1 h or more or each low-energy rotamer, the length of this step will depend on the number of the low-energy side chain rotamers around the selected hot spots, and hence the time that this step takes is highly variable. The timing also depends on the number of jobs in the mapping queue. On average, using FTFlex requires 12-24 h
Step 28, analyzing FTFlex results, including the list of residues that were moved to obtain the final hot spots: ~15-30 min
Step 29, inputting the coordinates of the target structure and select options for FTMap/param: ~1 min
Step 30, inputting formal charges and isomeric SMILES strings to specify up to ten small molecules to be used as additional probes: ~5 min
Step 31, running FTMap/param: mapping with the standard set of 16 probes takes ~1 h or more, depending on the size of the protein and the number of jobs in the queue. However, the total run time may be substantially longer if you submit several additional molecules, some having many conformers
Step 32 In addition to viewing the results in JSmol, you can download the PDB file containing the protein and representatives of probe clusters in the CSs, as well as a PyMOL session (.pse file) containing all results to be opened in PyMOL (Fig. 5a) . In the session, the naming of consensus clusters indicates the number of probe clusters at each CS. The CSs are labeled in the format crosscluster.xxx.yyy, where xxx refers to the ranking of the CS, starting at 000, and yyy denotes the number of probe clusters in the CS. The ranking indicates the importance of the CS, with the highest ranking sites having the highest number of probe clusters.
Mapping the apo structure of renin (PDB ID 2ren; ref. 74) yields the CSs CS000 (cyan, 25 probe clusters), CS001 (magenta, 18 probe clusters), C002 (yellow, 16 probe clusters) and CS003 (salmon, 10 probe clusters), CS004 (white, 8 probe clusters), CS005 (blue, 8 probe clusters), CS006 (orange, 7 probe clusters) and CS007 (green, 3 probe clusters). Downloading and working with the .pse file is very useful, because you can add further structures, e.g., ones with bound ligands, align the proteins, select particular side chains, and generally use the versatility of PyMOL. For example, Figure 5b shows aliskiren, a novel nonpeptidic renin inhibitor from the inhibitor-bound renin structure 2v0z superimposed on the hot spots of the apo renin 75 . This result demonstrates that the hot spots, based on ligand-free protein structures, can very well trace out the shape of high-affinity ligands. Indeed, aliskiren overlaps with all CSs apart from CS001 (not shown). We note that CS001 overlaps with the transition state inhibitor CGP 38′560 (PDB ID 1rne; ref. 76) , which is not shown here. Of course, such a high level of agreement assumes that the conformational changes of the protein upon ligand binding are moderate, which is the case for renin 18 . However, we have demonstrated that the hot spots are relatively robust, and in most cases they can be determined by mapping unbound structures 28 .
agreement between computational and experimental mapping results when using FtMap
The hot spots identified by FTMap generally are in good agreement with those obtained using experimental mapping techniques such as MSCS based on X-ray crystallography 19 . Figure 11a shows MCSS results for RNase A 77 . The method identified four CSs using a screening library of eight aqueous organic solvents 77 . These sites are as follows: two in the B1 pocket, one in the P1 pocket and one in the B2 pocket. The two sites in the B1 pocket are very close together, and hence Figure 11a shows only three distinct hot spots, one in each of the three pockets. The X-ray structure of RNase A (PDB ID 2e3w; ref. 24) was also computationally mapped using FTMap. FTMap identifies the same three sites as MSCS (B1, P1 and B2), but it also detects an additional site ( Fig. 11b; ref. 24) . The CSs CS000 (cyan) binds 26 probe clusters in the B1 pocket, CS001 (magenta) includes 20 clusters in the P1 pocket, CS002 (yellow) with 15 clusters is at the site that was not found by MSCS and CS003 (salmon) binds 13 clusters in the B2 pocket. Note that as all our figures, Figure 11b shows only a single representative pose from each probe cluster rather than all bound probe positions. It is likely that the CS002 site was not seen in the MSCS study because it is part of a crystal contact interface in the crystal form used in the MSCS experiments 77 . However, this site accommodates a hot-spot residue of the RNase inhibitor, which is identified by alanine scanning mutagenesis in the RNase A/RNase inhibitor complex, indicating that the site is an important contributor to the binding free energy, and hence it is indeed a hot spot 24 .
selecting the important regions of the binding site using FtMap
FTMap can also be used to identify specific hot spot residues that make the most interactions with probe molecules in a manner similar to that used in NMR experiments. This information can be found in the nonbonded interaction file provided at the successful completion of an FTMap run. This file lists the number of contacts between probe molecules and atoms in a residue for all residues. By simply ranking the residues by the number of contacts, the user can quickly obtain those residues with the highest number of contacts. Figure 4 shows such nonbonded and hydrogen bond contacts directly from the result page of FTMap. The nonbonded interaction graph shows the residues that have the highest number of contacts with the probes, and are probably the most important for ligand binding. The percent contact frequency for an individual residue is calculated as the number of nonbonded interactions for an individual residue divided by the number of interactions for all residues.
Determining druggability and providing information for FBDD using FtMap
Perhaps the most important application of FTMap is the determination of druggability, which is defined as the ability of a target protein to bind ligands with high affinity. The first requirement for a site to be druggable is the consensus cluster strength (S), which is defined as the number of probe clusters within the consensus cluster. A consensus cluster of S>16 will be druggable by some sort of ligand 28 . Consensus clusters of S>13 occupy sites that are not druggable owing to very weak hot spots. Between 16 and 13, we have some uncertainty, predicting proteins that are borderline druggable; i.e., they are likely to have ligands with low-micromolar affinity, but no further improvement in binding would be possible. The second requirement for druggability is the existence of at least one additional (possibly weaker) hot spot within 8 Å from the strong hot spot, where the distance is measured between the centers of mass for two consensus clusters 28 . The distance between two selected atoms can be determined in PyMOL by choosing Wizard → Measurement → Distances, and by clicking on the two atoms of interest. Proteins that have a strong hot spot (S>16) and other hot spots that are further from this site than 8 Å still may be druggable by molecules beyond the traditional drug-like chemical space-i.e., macrocyclic compounds or peptides 78 .
The FTMap results can also provide information to help the discovery of ligands via a fragment-based drug discovery (FBDD) approach 29 . FBDD uses a screening library of low-molecular-weight compounds to identify compounds that bind to the site of interest. However, the binding affinity is generally very low, and it can be greatly improved by adding further functional groups or by linking two fragments that occupy neighboring sites. Because FTMap identifies regions that are most likely to contribute to ligand-binding free energy, it can be used to detect regions that will be important for FBDD. We have demonstrated that the core fragment generally binds in CS000 with the highest probe cluster count 29 . Surrounding secondary CSs designate the hot spots that can be used to expand the initial fragment into higher-affinity ligands. In a recent study 29 , we mapped ten different targets in which structural data were available for structures with just a core fragment bound, as well as structures with a ligand expanded around the core site. Mapping the apo structures revealed that for nine out of ten of these targets, the highest ranking CS coincided with the core fragment. In eight of these cases, secondary CSs overlapped with known fragment extensions. In the case where the highest ranked CS did not overlap with the fragment, the second highest CS overlapped with the fragment and the first highest CS coincided with an extension site. An example is shown in Figure 12 for thrombin. Linking these two fragments provided a starting point for optimization of a high-affinity ligand, of which several ligands with nanomolar affinity were found 80 . A ligand with an IC 50 value of 4 nM is shown in the right panel of Figure 12 , overlaid with the mapping results 29 .
Identification of ligand-binding sites using Ftsite
As an extension of FTMap, the server FTSite (http://ftsite.bu.edu) uses additional clustering of consensus clusters to yield ligand-binding sites. FTSite is based on the observation that ligand-binding sites also bind small organic molecules of various shapes and polarity, and thus they contain at least one hot spot 22 . Further analysis has shown that nearby weaker hot spots also belong to the same binding site. Accordingly, FTSite first selects the consensus cluster with the highest number of contacts. This cluster is then expanded by adding any neighboring consensus cluster if the center of any of its probe is closer than 3.5 Å from the center of any probe in the consensus cluster. The protein residues that are within 4 Å of the expanded consensus cluster constitute the top prediction of the binding site. The first consensus cluster is then removed, and the procedure is repeated using the next consensus cluster with the highest number of contacts to identify lower ranked predictions of the ligand-binding site. As an example, Figure 6 shows the screen capture of FTSite results for human lymphocyte kinase (Lck, PDB ID 3lck; ref. 82) . A bound inhibitor from the structure with PDB ID 1qpe (ref. 83 ) is superimposed for reference, shown in a white ball-and-stick representation. The image on the left (Fig. 6) shows the top prediction of the ligand-binding site, named Site 1, using mesh representation for the cluster of probe molecules found at this site. The output page also lists the residues that are within 5 Å of the binding site found. The plot reveals that the binding site identified covers only about half of the inhibitor. Although Site 2 extends the binding pocket in a direction that does not interact with this particular inhibitor, adding Site 3 to Site 1 covers the entire region of inhibitor binding (see image on the right in Fig. 6 ). The residues interacting with Site 3 are also listed. Unlike many other binding site prediction methods, the FTSite algorithm is purely energy based, and it does not rely on any evolutionary or statistical information. Nevertheless, applications of FTSite to established test sets have shown that we achieve near experimental accuracy, as the top ranked prediction of the binding site was correct for over 94% of apo proteins 22 . On the basis of the available information, it appears that FTSite is the best server for predicting ligand-binding sites based on the X-ray structure of ligand-free proteins 22 .
accounting for side chain flexibility using FtFlex
The function of FTFlex is to account for binding-site flexibility around user-selected hot spots in order to improve the accuracy of mapping. The method is particularly useful when the goal is opening potentially druggable pockets in protein-protein interfaces. Stage 1 of FTFlex maps the given structure using FTMap and presents the results for the selection of hot spots for further analysis. Figure 7 shows the transition from on kinase-binding sites, CSs 002 (13 probe clusters) and 004 (10 probe clusters) were selected by clicking on the appropriate buttons for further analysis of binding-site hot spots. The outcome of Stage 1 is also shown in Figure 13a , wherein an inhibitor bound to a CDK2 from the structure with PDB ID 1ke5 (ref. 85 ; shown as gray sticks) is superimposed on the mapping results. In addition to the bound inhibitor, the composite figure includes two side chains, Lys33 and Lys89, which substantially change conformation upon inhibitor binding. In the apo structure, the two side chains, shown as brown sticks, protrude into the ligand-binding site and substantially reduce its volume, thus preventing the formation of larger probe clusters. In the inhibitor-bound structure the two side chains, shown as gray sticks, move out of the pocket, and thus they do not interfere with ligand binding. After the selection of hot spots for further analysis, clicking on the 'Submit' button ( Fig. 7) initiates Stage 2 of FTFlex. The results for CDK2 in Figure 13b show that the algorithms moves both Lys33 and Lys89 out from the ligand-binding site, resulting in conformers shown as brown sticks. The Lys33 side chain is close to the conformer in the inhibitor-bound structure 1ke5. Although this is not the case for Lys89, the side chain moves farther from the pocket, and thus it does not interfere with probe binding. As a result, the ligand-binding site now includes the two most populated CSs: CS000 (green, 18 probe clusters) and CS001 (magenta, 14 probe clusters). Notice that on the basis of the FTMap results (i.e., Stage 1 of FTFlex), we would consider CDK2 only borderline druggable, but after adjusting the side chains by FTFlex the mapping results indicate that the protein is druggable.
adding user-defined probes in FtMap/param
The goal of FTMap/param is to examine the binding mode of user-selected small molecules relative to the hot spots defined by the clustering of the standard 16 probes. As an example, we have mapped the unbound structure of thrombin (PDB ID 1hxf; ref. 86) by adding the small compound 1-(3-chlorophenyl)methanamine (HETATM ID: C2A), which was used in an FBDD campaign and has been co-crystallized with thrombin (PDB ID 2c8z; ref. 81) . FTMAP/param identifies the important hot spots based on the consensus clusters of the 16 standard probes, and it reports the lowest-energy cluster representatives of C2A within 4 Å of each of the consensus cluster, using the geometric center distances in the calculations. Figure 8 shows the PyMOL session created by FTMap/param. The molecules shown are thrombin (green cartoon), the strongest CS represented by the probes at clusters centers (cyan lines), and the highest probability pose of C2A (yellow sticks) generated by the mapping and located close to a CS. It is interesting to note that this pose is almost identical to the bound pose of C2A, co-crystallized with thrombin (PDB ID 2c8z; ref. 81). Although C2A is a weak binder with an IC 50 of only 300 µM, FTMap/param was capable of detecting the interaction based on the mapping of the apo protein. The pose identified by computational mapping of C2A is particularly interesting, because the chlorophenyl group occupies the S 1 site of thrombin fully and the NH 2 group protrudes from the pocket, indicating the possibility of expanding the molecule. Indeed, C2A was subsequently joined with a 12 µM ligand to generate a 220 nM inhibitor 87 . Therefore, in this case, computational mapping recapitulated the important protein-ligand interactions, and this type of information can be very useful for screening candidate molecules in fragment-based drug design.
Mapping ensembles of structures using FtDyn
FTDyn is a server designed for hot spot analysis on structural ensemble of proteins using the FTMap without local energy minimization, which reduces somewhat the accuracy of locating the hot spots in the individual structures, but it enables the server to map even very large ensembles 32 . The primary mapping results are provided in the form of frequencies of probe-residue interactions. Figure 9 shows the result page applying FTDyn to an ensemble of 24 structures of the human MDM2 (PDB ID 1z1m; ref. 88) , determined by NMR. The page shows the first structure of the ensemble in cartoon representation with residues color-coded from blue to red on the basis of the frequency of nonbonded contacts averaged
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Gln85
Lys33 a b Figure 13 | Flexible mapping of the apo structure of CDK2 (PDB ID 1pw2) using FTFlex. (a) Results from stage 1, i.e., without adjusting the side chains in the X-ray structure. The figure shows CS002 (green, 13 probe clusters) and CS004 (magenta, 10 probe clusters) in the ligand-binding site. An inhibitor bound to CDK2 (from the structure with PDB ID 1ke5) is superimposed for reference (gray sticks). We also show two 'moving' side chains, Lys33 and Lys89, that protrude into the ligand-binding site with their conformers in the apo structure and substantially reduce its volume (brown sticks). In the inhibitor-bound structure (PDB ID 1ke5), the two side chains move out of the pocket, and thus they do not interfere with ligand binding (also shown as gray sticks). (b) Results from stage 2 of FTFlex. Both Lys33 and Lys89, shown as brown sticks, have largely moved out from the ligand-binding site. The Lys33 side chain is close to the conformer in the inhibitor-bound structure 1ke5. Although this is not the case for Lys89, the side chain moves farther from the pocket, and thus it does not interfere with probe binding. As a result, the ligand-binding site now includes the two most populated consensus sites CS000 (green, 18 probe clusters) and CS001 (magenta, 14 probe clusters).
over the entire ensemble (Fig. 9a) . Clicking on the picture of the molecule activates JSmol. The result page also presents the ensemble-averaged frequency of nonbonded and hydrogen bond interactions in the form of bar graphs (Fig. 9b) . Below the graphs, the table can be used to view or download mapping results for all structures, or for any of the structures of the ensemble individually. The screenshot of the PyMOL session, which is downloaded from the result page (Fig. 10a) , shows substantial variation among the structures within the NMR-derived MDM2 ensemble. However, the color-coding from blue to red based on contact frequency reveals that largely the same residues interact with the probes in all structures. The bar graph in Figure 10b compares the distribution of nonbonded probe-protein contacts for residues of MDM2, based on the mapping of model 9 in the ensemble (blue bars), with the distribution of nonbonded ligand-protein contacts observed in the complex of MDM2 with piperidinone, a small molecular inhibitor of the MDM2-p53 interaction (PDB ID 2lzg; ref. 89) , shown as red bars. Model 9 was selected because it had the maximum HR, which is defined as the total number of probe-protein interactions in the binding site among all models. The comparison demonstrates that the averaging of probe-protein interactions identifies and ranks by importance the binding site residues fairly well, in spite of the substantial structural variation. 
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